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PLASMA ACCELERATION BY A CLOSED-CIRCUIT KALL CURRENT 

A. V. Zharinov and Yu. S.  Popov 

ABSTRACT. The work considers ce r t a in  physical aspects 
of a plasma accelerator with a closed c i r c u i t  Hal l  current.  

INTRODUCTION 

A s e r i e s  of works ( refs .  1-4) have recent ly  appeared devoted t o  plasma /294* 
accelerators  with a closed c i r c u i t  H a l l  current.  An accelerator  of t h i s  type 
represents  a coaxial  element with a r a d i a l  magnetic f i e l d  and an ax ia l  e l e c t r i c  
f i e l d .  The Hal l  current i s  closed i n  the azimuthal direct ion.  I n  order t h a t  
t he  e l e c t r i c  current flowing through the accelerator  be pr imari ly  a Hal l  cur- 
r en t  it i s  necessary t h a t  the  following condition be s a t i s f i e d :  w7)>1, where 

w=g i s  t h e  electron gyrofrequency and T i s  t h e  relaxat ion time of t he  electron 

impulse. 

mc 

The magnetic f i e l d  H and t h e  ax ia l  dimension L of t h e  accelerator  a re  se- 
l ec t ed  i n  such a way t h a t  p+>>L(p+ i s  the Larmor ion  radius) ,  and it can be 
assumed t h a t  t he  magnetic f i e l d  does not a f f ec t  the  ions. The ions a re  ac- 
ce le ra ted  by the  axial e l e c t r i c  f i e l d .  It i s  of i n t e r e s t  t o  consider ce r t a in  
physical  aspects of such an accelerator.  

SECTION 1. THE EQUILIBRIUM OF FORCES I N  THE 
ACCELERATOR 

I n  t h e  s ta t ionary  case we can write t h e  following equilibrium condition 
f o r  t he  e lec t ron  gas 

Here n i s  the  concentration of electrons; E=Vq i s  the  e l e c t r i c  f i e l d  in-  e 

t ens i ty ;  j=n  v i s  the  density of e lectron current;  p=en T i s  t h e  electron 

pressure; T 

elementary charge. 

e e  e e  

i s  the  temperature expressed i n  uni t s  of the  po ten t i a l ;  e>O i s  t h e  e 

We s h a l l  s e l e c t  the  system of coordinates i n  such a way t h a t  t he  e l e c t r i c  
f i e l d  i s  d i rec ted  opposite t o  the  x axis while t he  magnetic f i e l d  i s  d i rec ted  
:long t h e  z axis  and the  electron d r i f t  takes place i n  the  d i rec t ion  of t he  y axis. 

Numbers i n  the  margin ind ica te  pagination i n  o r ig ina l  foreign t ex t .  
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Then we have 

where 

j y  -= w:jz, 

From (1.2), by taking i n t o  account equations 

if :/ 

(1.3) 

when ~0~231, and assuming tha t  t he  ions a re  moving along the  e l e c t r i c a l  f i e ld ,  
we f i n d  t h e  following expression for  the densi ty  f of t he  impulse car r ied  away 
by t h e  ions:  

I n  equation (1.8) the  subscript  "0" designates the  values ex is t ing  a t  t he  
anode while t h e  subscript  1 designates t h e  values a t  the  output from t h e  ac- 
celerator .  

I n  t h e  case when the  magnetic f i e l d  of t he  Hall current 

i s  small compared with the  external  magnetic f i e l d  H 

it i s  more convenient t o  express the quantity f i n  terms of t h e  Hall current 
produced by t h e  e l e c t r i c  drift .  
2 



Then we can wri te  

where it i s  assumed t h a t  the e l e c t r i c  f i e l d  a t  the  output vanishes. 

We f i n a l l y  have 
I =  j+?+ + .i+cp+c + I , ,  \ 

(1. lo) 

( 1.11) 

where j+ i s  the  density of t he  ion current a t  the  output; p, i s  the  Larmor 

ion  radius  due t o  the  t o t a l  application of t he  po ten t i a l  difference cp while 0' 

and p+, are  the  density of t he  ion  current formed i n  t h e  z accelerator  and j+c  

t he  average Larmor radius of the ions respectively.  

SECTION 2. POTENTIAL DISTRIBUTION 

When the  pressure of t he  neut ra l  gas i s  s u f f i c i e n t l y  low and when we can 
neglect t h e  contribution of secondary ions, formed i n  the  accelerator,  t o  the  
concentration, we can write the following system of equations 

- 4, __ (2.1) 
& - ' s n a ,  

I 
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T, = By.. (2.4) 

Here ~ ~ = < a ~ w , > n ~  i s  the  frequency of ionizat ion produced by the  electrons;  

n i s  the  concentration of n e u t r a l p a r t i c l e s ;  CY i s  the  cross sec t ion  of ioni-  

za t ion  produced by electrons;  l > B > o ,  61% 2 w > ~ . I  

Equation (2.4) i s  va l id  when the  values of (po are su f f i c i en t ly  large,  when we 

0 i 

mTo? ' 
I n  (2 .1)  we have neglected the  drift  of electrons along t h e  magnetic f i e l d .  

can neglect the  average energy 
know ( re f .  5) ,  does not exceed 
frequency v i s  constant. For 

b, i s  constant. 

i 

loss associated with ionization, which, as we 
approximately 100 eV. I n  t h i s  case the  ionizat ion 
the  sake of s implici ty  we s h a l l  a l so  assume t h a t  

We introduce t h e  dimensionless variables 

" \  io 
y = - ,  - ?  ! = + , f i e = $ ,  J = ~ ,  i, T8=-, 

?O 

where 

I n  t h e  fu ture  we s h a l l  drop the  bar over the  dimensionless var iable .  

Then i n  place of ( 2.1) -( 2.4)  w e  o b t a i n  

di I 

dt - n e ,  \ 
\ 

-- I 
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(2.10) 

T* = 3% (2.11) 

nS , no = **irml*’ \ 
n’ I +  ’ I 

where a = - - .  4ze2 i s  the concentration of t he  electrons i n  the  

“vacuum” s ta te ,  when w e  can neglect the concentration of the  ions, j o = n : ] /  m- =?,,! 

i s  some cha rac t e r i s t i c  current.  

We w r i t e  the  boundary conditions i n  t h e  form 

dz \ (0) = + (0) = j (0) = n, ( E o )  = O.l1 
d ,  

(2.12) 

The condition 

determines the  length of the  acceleration region o r  t he  thickness of t h e  layer  
close t o  t he  anode where we have the  en t i re  po ten t i a l  drop. 

The values s=O and 5=5 f i x  the  beginning of the  layer  and the  pos i t ion  0 

of the  anode respectively.  

By se lec t ing  the  boundary conditions i n  the  form (2.12) w e  thus consider 
t he  case of  accelerator  operation w i t h  a cold cathode when the  H a l l  current 
i s  generated as r e s u l t  of s p a t i a l  ionization. 

For the  sake of s implici ty  we sha l l  f i r s t  consider t he  case B=O. 

e 

Then by /297 
eliminating j and n by means of (2 .9)  and ( 2. lo), we obtain an equation f o r  (p 

(2.14) 

The primes i n  (2 .14)  designate d i f fe ren t ia t ion  with respect t o  5 .  

When cy .-) we take i n t o  account (2.12)  and (2.13) and obtain the  following 
fo r  the  “vacuum” s t a t e .  

(2.15) 

--. 50 vacuum (2.16) 
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Assuming t h a t  cy=O i n  
and (2.13) and obtain the  

where 

Subst i tut ing 
i n  ( 2.14) we f ind  
e n t i r e  range over 

the  zero approximation, we take i n t o  account ( 2.12) 
following from ( 2.14) : 

i 

the  resu l t ing  solution i n t o  the t e r m  which has been dropped 
t h a t  i t s  r e l a t ive  magnitude i s  of the  order of cy i n  t he  
which 5 and 'p vary. A s  we can see from (2.10) the  so lu t ion  

when CY + 0 corresponds t o  a quasi-neutral  layer,  i . e .  the  pos i t ive  space charge 
of ions i s  compensated everywhere by the electrons and the  accelerated current 
i s  not l imi ted  by the  space charge. More precisely ( t h i s  i s  easy t o  show) 

I n  t h i s  case we have a double layer:  *-0 when p1. The thickness of t h e  
dS 

0 vacuum 5 

remains p rac t i ca l ly  unchanged 

layer  compared with the  thickness of t he  layer  i n  the  vacuum s t a t e  5 
0 

5,=1.255 0 vacuum' 

The electron concentration 
tends t o  increase.  I n  the  case 

a t  the  anode does not approach zero 
B=O the  boundary condition n e (5,)=0 

dn e longer required because the  der ivat ive - no longer appears i n  the  
(2.8)  -( 2.11). d5 

The physical meaning of the  f a c t  t h a t  t he  layer  thickness does 
too much from the  vacuum case when ions a re  present,  i s  i l l u s t r a t e d  

but r a the r  
i s  no 

system 

not d i f f e r  
by the  

following simulated problem i n  which w e  do n i t  assume quasi-neutral i ty .  
us assume t h a t  the  concentration of ions i n  system (2.8)-(2.11) i s  equal t o  
n =yn 

excepting t h e  condition n ( 5  )=O, we have 

t h a t  t h e  presence of ions leads t o  an increase i n  the  electron concentration by 

a f ac to r  of - 
6 

L e t  

where F l  and B=O. Then f o r  the boundary conditions (2.12) -( 2.l3), + e  
1 €2:  

R:, y ==T a d  G== a. We can see e 0  - 7  

0 
1 - Y  e e + e '  and t h a t  An =n -n =n i . e .  the  excess of e lectron concentration 1 



i s  exact ly  equal t o  the "vacuum" concentration. . 
I n  t h i s  case the  layer  thickness and the  po ten t i a l  d i s t r ibu t ion  remain 

unchanged s ince the  generation and d r i f t  of e lectrons i s  proportional t o  t h e i r  
c p g e n t r a t i o n  which remains constant over t he  layer .  

instead of (2.14) we have 

0 

Let us now take i n t o  account t h e  electron pressure gradient.  I n  t h i s  case /298 

We m i t e  the  expression f o r  the  current densi ty  when CY -, 0 

(2.18) 

The coefficient i n  f ront  of 9 contained i n  (2.19) becomes equal t o  0 
when cp=tp" d5 

(2.20) 

On t h e  other hand, 

This means tha t  the  first and second der ivat ives  of t h e  po ten t i a l  become 
equal t o  i n f i n i t y  when cp + tp". 
point .  The electron pressure gradient increases s o  rapidly t h a t  t he  f lux of 
e lectrons produced by the  e l e c t r i c  f i e l d  i s  compensated by the  inverse f l u x  
produced by the  pressure gradient and the  e lec t ron  concentration increases 
sharply. 

Thus quasi-neutral i ty  i s  disrupted a t  t h i s  

We s h a l l  f i r s t  consider the  solution of (2.18) i n  the  quasi-neutral  region 
OIcP<cpS~. 

By introducing t h e  new variable  

(2.21) 
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where 

equation (2 .18)  may be rewri t ten i n  the following manner when a=O: 

The boundary conditions a re  as follows: 

The solut ion of (2.23)-(2.25) has the  form 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

( 2.26) 

where S , , d m ) .  

The f igure shows the  po ten t i a l  d i s t r ibu t ion  f o r  d i f f e ren t  values of B .  p 9 9  
The thickness of t h e  quasi-neutral  region ?* when B=O.5 i s  5*&.7 and 
cp*=o. 67. 

It i s  necessary t o  take i n t o  consideration the  condition ne(S0)=0 i n  the 

region cp + 1. 
elec t ron  concentration: the  motion of e lectrons ceases t o  have a diffusion 
nature and there  i s  a breakaway of electrons t o  the  anode. The po ten t i a l  d i s -  
t r i bu t ion  i n  t h i s  region i s  determined by the  ion  space charge. 

Here we have another l imit ing case when we can neglect the  

Figure. Poten t ia l  d i s t r ibu t ion  i n  the 
quasi-neutral  region f o r  d i f f e ren t  
values of B .  1 ) ~ = 2 / 3 ;  2 ) ~ = 0 . 5 ;  ~ ) B = o  

Thus when cp + 1 we have the  following, i n  place of (2.10) : 

8 
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which gives us 

(2.28) 

The s i z e  of t he  breakaway region i s  determined by the  Larmor radius of 
t h e  "heated" electron and the  accelerated ion current, i n  t h i s  manner, is  
l imi ted  by the  space charge. 

Obviously the  l imit ing current i n  t h i s  case i s  proportional t o  t h e  square 
of t h e  magnetic f i e l d  

I n  conclusion the  author expresses h i s  gratitude t o  V. S. Yerofeyev f o r  
h i s  valuable discussion of t h i s  work. 
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